Pressure effect on ZnO nanoparticles prepared via laser ablation in water J. Appl. Phys. 113, 033509 (2013) Strange hardness characteristic of hydrogenated diamond-like carbon thin film by plasma enhanced chemical vapor deposition process Appl. Phys. Lett. 102, 011917 (2013) Strong room temperature exchange bias in self-assembled BiFeO3-Fe3O4 nanocomposite heteroepitaxial films Appl. Phys. Lett. 102, 012905 (2013) Additional information on J. Appl. Phys. Thin Au and Ag evaporated films ($5 nm) are known to form island-like growth, which exhibit a strong plasmonic response under visible illumination. In this work, evaporated thin films are imaged with high resolution transmission electron microscopy, to reveal the structure of the semicontinuous metal island film with sub-nm resolution. The electric field distributions and the absorption spectra of these semicontinuous island film geometries are then simulated numerically using the finite difference time domain method and compared with the experimentally measured absorption spectra. We find surface enhanced Raman scattering (SERS) enhancement factors as high as 10 8 in the regions of small gaps ( 2 nm), which dominate the electromagnetic response of these films. The small gap enhancement is further substantiated by a statistical analysis of the electric field intensity as a function of the nanogap size. Areal SERS enhancement factors of 4.2 Â 10 4 are obtained for these films. These plasmonic films can also enhance the performance of photocatalytic and photovoltaic phenomena, through near-field coupling. For TiO 2 photocatalysis, we calculate enhancement factors of 16 and 19 for Au and Ag, respectively. We study the effect of annealing on these films, which results in a large reduction in electric field strength due to increased nanoparticle spacing. V C 2013 American Institute of Physics.
INTRODUCTION
Plasmonic phenomena have demonstrated great promise for a variety of photonic device applications including subwavelength waveguides, 1 tunable filters, 2 resonators, 3 and modulators. 4 Plasmonic lasers, 5, 6 photocatalysts, 7-10 and solar cells [11] [12] [13] [14] have also been realized experimentally. A wide range of fabrication techniques exist for producing plasmonic nanostructures including electron beam lithography, 15 colloidal self assembly, 16, 17 nanoimprint lithography, 18 nanosphere lithography, 19, 20 and block copolymer lithography, 21 just to name a few. Thin films ($5 nm) of noble metals evaporated on dielectric substrates present a simple one-step and reproducible way to make stable plasmonic nanostructures. These semicontinuous thin films of Ag or Au have been used in surface enhanced Raman scattering (SERS), 22, 23 plasmon-enhanced photocatalysis, [7] [8] [9] and sensing applications. [24] [25] [26] SERS enhancement factors of 10 5 have been previously reported for Ag films. 27 Van Duyne et al. showed that large electric field enhancements are obtained due to the island-like structure of these films. 27 Regions of strong local electric field enhancements called "hot spots" are observed between the nanoislands. 28 An extensive study of these thin films has been done by the Purdue group both theoretically [28] [29] [30] and experimentally. 31, 32 These hot spots are generally believed to be formed in regions in which the gaps between neighboring islands are very small, which allows for maximum plasmonic coupling. This is a well-known plasmonic phenomenon in the case of nanoparticle dimers. 15, [33] [34] [35] While these semicontinuous films consist of random geometries of metal islands, their performance is significant and reproducible. We would like to develop an understanding of the microscopic electric field distribution of these substrates, and their relationship to nanoparticle morphology.
In previous works, the morphology of these semicontinuous metal island films have been studied by scanning electron microscopy (SEM), 36, 37 transmission electron microscopy (TEM), 38 scanning tunneling microscopy (STM), 39 and atomic force microscopy (AFM). 27, 40 Schlegel and Cotton, 38 using TEM, and Dawson et al., 39 using STM, studied the relationship of the deposition rate of silver films with SERS intensities. Both these works showed that slowly deposited films produce higher SERS intensities than rapidly deposited films. Electromagnetic simulations of semicontinuous metal films have been carried out based on SEM and AFM images by several groups. 27, 30, 40, 41 In the work presented here, finite difference time domain method (FDTD) simulations are performed based on HRTEM images, which provide a spatial resolution more than one order of magnitude higher than previous studies. The grid size of the FDTD calculations are also one order of magnitude higher than previous studies, which is important in accurately capturing the behavior of the quickly decaying fields at the surface of these metals. as determined by a quartz crystal oscillator thickness monitor. A JEOL JEM-2100F advanced field emission transmission electron microscope was used to obtain high resolution TEM images of these films with a resolution of <2 Å . FDTD simulations were performed on USC's 0.15 petaflop supercomputing facility, which consists of 14 734 CPUs connected by a high-performance, low-latency Myrinet network. For the simulations, a cell of size 1000 nm Â 800 nm Â 500 nm is used, which represents an experimentally measurable area, larger than the diffraction limit. The film occupies an area of 450 nm Â 300 nm in the simulation. We use a grid spacing of 2 Å in the volume of 500 nm Â 500 nm Â 40 nm around the film and 10 nm elsewhere. A temporal grid spacing of 0.002 fs is used with a total of 100 000 time steps. A planewave source is used, which irradiates the metal film with a Gaussian pulse with a spectrum of wavelengths ranging from 300 nm to 800 nm. Perfectly matched layers (PML) boundary conditions are used with 25 layers. The dielectric functions of Au and Ag are based on the optical constants given by Palik and Ghosh. visible in the images, where the dark grey regions are the gold or silver islands and the light grey regions are interstitial space in between. The 5 nm Ag island nanoparticles (Figure 1(c) ) are more loosely packed than the Au island film (Figure 1(a) ) because the percolation threshold (i.e., the thickness above which the film goes from being insulating to conductive) for Ag films is 10 nm. 43, 44 Figure 1(e) shows the TEM image of a 10 nm thick Ag film. Figures 1(b), 1(d) , and 1(f) show the electric field distribution of the Au and Ag films. Here, the color axes show the enhancement of electric field intensity relative to the incident electric field intensity. The Au film shows higher electric field intensities than Ag, due to the smaller gaps between the islands. As postulated before, these results show that SERS enhancement is dominated by a few nm-sized hot spots rather than regions extending over large areas. As such, these films utilize only a very small fraction of the sample area. For the gold film, the local electric field intensity in each of these hot spot regions is approximately three to four orders of magnitude larger than the incident electric field. Figure 2 shows the calculated and measured absorption spectra of the Au and Ag films shown in Figure 1 . The experimental absorption spectra were measured using a Perkin-Elmer Lambda 950 UV/Vis/NIR spectrometer with an integrating sphere detector. These figures show good agreement between the experimental and calculated spectra, which confirms the accuracy of our simulations. The absorption spectra for the 5 nm Au film and 10 nm Ag film show a much broader response than the 5 nm Ag film, due to the inhomogeneity of the island shapes and sizes, which gives rise to different plasmon modes. 45 Figures 3(a) and 3(b) show the polarization dependence of the electromagnetic response of the 5 nm Au film. As can be seen in these figures, gaps oriented vertically are primarily excited by horizontally polarized light and vice versa. This polarization dependence confirms the notion that the hot spots are formed due to strong plasmonic coupling between nearly touching islands. Some of the hot spots can produce SERS intensity enhancements exceeding 10 8 . The average electric field intensity enhancements for various gap sizes is shown in Figure 3(c) , where each data point is a statistical average of several hot spots of the same gap size. There is a monotonic decrease in the enhancement by a factor of 117, as the gap size increases from 2 nm to 10 nm, further demonstrating that the high electric fields in the gaps are due to strong plasmonic coupling. Such a relation between the electric field and the gap size has been shown previously in the case of dimers 34, 46 but not in the case of island films. It should be noted that sub-10 nm gaps cannot be fabricated by standard lithographic techniques.
We have also investigated the effect of annealing on nanoparticle morphology and the absorption spectra of these films. Figure 4 (a) shows a high resolution TEM image of a 5 nm Au film after annealing at 200 C for 2 h. The absorption spectra taken of annealed Au and Ag films are shown Figures 4(b) and 4(c) . These spectra exhibit narrow plasmon resonant absorption centered at 540 nm and 474 nm for Au and Ag, respectively, which is consistent with the absorption spectra of isolated nanoparticles. This occurs due to the fact that this random distribution of island shapes is transformed into a fairly uniform distribution of ellipsoidal nanoparticles after annealing. From the FDTD simulations described above, we have calculated the SERS enhancement factors of these films. Since the Raman intensity depends on the electric field to the fourth power (E It has been shown previously that such sharp features give rise to large plasmonic enhancements due to the so called lightning rod effect. [47] [48] [49] In addition to SERS enhancement, we have also calculated the photocatalytic enhancement factors for these plasmonic metal island films, as reported previously for nanoparticles deposited on top of a photocatalytic semiconductor. For the photocatalytic enhancement factor, we integrate over
, since the electron-hole pair generation rate is proportional to the square of the electric field. For the calculation of the photocatalytic enhancement factor, we need to consider absorption in the underlying substrate, since the electron-hole pairs driving the photocatalytic reaction are created in the substrate. Therefore, we also integrate over the z-dimension in our calculation. Since the minority carrier 
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diffusion length in TiO 2 is only about 10 nm, we only integrate over that length in the z-direction. Thus, the formula for the photocatalytic enhancement factor is
where E sub is the electric field intensity in the underlying semiconductor without the plasmonic film. The dielectric function of anatase TiO 2 is used for the substrate. 50 Using this formula, the calculated photocatalytic enhancement factors for 5 nm Au and 10 nm Ag films are 16 and 19, respectively. For a single hot spot, this enhancement factor is 176 in the 5 nm Au film. The annealed films barely produce any enhancement with photocatalytic enhancement factors of 2.8 and 2.2 for the Au and Ag films, respectively.
Several experimental photocatalytic studies have reported plasmonic enhancement using these 5 nm semi-continuous Au films deposited on top of photocatalytic semiconductors. For water splitting, photocatalytic enhancement factors of 4 and 66 were reported at 532 nm and 633 nm, respectively. 9 For methane formation from the reduction of CO 2 with water, a plasmonic enhancement factor of 24Â was reported. 7 While these experimental values span a wide range, the enhancement is of the same order of magnitude as that predicted from the electric field distributions of FDTD simulations for similar nano-island films conducted in this study.
CONCLUSIONS
In conclusion, we have simulated semicontinuous thin films of Au and Ag based on high resolution transmission electron microscope images with 2 Å resolution using the finite difference time domain method. The island-like structure of these films produces strongly plasmonic behavior due to the presence of "hot spots" located between small nm-sized gaps. Our results verify the notion previously put forth that macroscopically observed SERS is dominated by a few nmsized "hot spots," with SERS intensities reaching 10 8 times the incident intensity. We obtained photocatalytic enhancement factors of 16 and 19 for 5 nm Au and 10 nm Ag films, respectively, over the whole film, but a much higher enhancement factor of 176 for a single hot spot. This indicates that if these films are optimized to have a large number of hot spots using numerical optimization, much higher enhancement factors over the whole film can be obtained. Based on a statistical analysis of electric field enhancements for various gap sizes, we demonstrate that the hot spots arise due to strong plasmonic coupling between nearly touching islands. Thermal annealing of these island films results in significant changes in their morphology and absorption spectra.
